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Measurements of integrated and differential cross
sections for isolated photon pair production in pp
collisions at
√
s = 8 TeV with the ATLAS detector
The ATLAS Collaboration
A measurement of the production cross section for two isolated photons in proton–proton
collisions at a center-of-mass energy of
√
s = 8 TeV is presented. The results are based on
an integrated luminosity of 20.2 fb−1 recorded by the ATLAS detector at the Large Hadron
Collider. The measurement considers photons with pseudorapidities satisfying |ηγ| < 1.37 or
1.56 < |ηγ| < 2.37 and transverse energies of respectively EγT,1 > 40 GeV and EγT,2 > 30 GeV
for the two leading photons ordered in transverse energy produced in the interaction. The
background due to hadronic jets and electrons is subtracted using data-driven techniques.
The fiducial cross sections are corrected for detector effects and measured differentially as
a function of six kinematic observables. The measured cross section integrated within the
fiducial volume is 16.8 ± 0.8 pb. The data are compared to fixed-order QCD calculations at
next-to-leading-order and next-to-next-to-leading-order accuracy as well as next-to-leading-
order computations including resummation of initial-state gluon radiation at next-to-next-to-
leading logarithm or matched to a parton shower, with relative uncertainties varying from 5%
to 20%.
c© 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
ar
X
iv
:1
70
4.
03
83
9v
2 
 [h
ep
-ex
]  
28
 Ju
n 2
01
7
1 Introduction
Diphoton production offers a testing ground for perturbative quantum chromodynamics (pQCD) at had-
ron colliders, a clean final state for the study of the properties of the Higgs boson and a possible window
into new physics phenomena. Cross-section measurements of isolated photon pair production at hadron
colliders were performed by the DØ and CDF collaborations at a center-of-mass energy of
√
s = 1.96 TeV
at the Tevatron proton–antiproton collider [1, 2] and by the ATLAS and CMS collaborations using√
s = 7 TeV proton–proton (pp) collisions recorded at the Large Hadron Collider (LHC) in 2010 and
2011 [3–6]. Studies of the Higgs-boson’s properties in the diphoton decay mode [7, 8] and searches for
new resonances have also been conducted at the LHC at higher center-of-mass energies [9, 10].
The production of pairs of prompt photons, i.e. excluding those originating from interactions with the
material in the detector and hadron or τ decays, in pp collisions can be understood at leading order (LO)
via quark–antiquark annihilation (qq¯). Contributions from radiative processes and higher-order diagrams
involving gluons (g) in the initial state are, however, significant. Theoretical predictions, available up
to next-to-next-to-leading order (NNLO) in pQCD [11–13] are in good agreement with the total meas-
ured diphoton cross sections, while differential distributions of variables such as the diphoton invariant
mass (mγγ) show discrepancies [4]. Theoretical computations making use of QCD resummation tech-
niques [14–18] are also available. These are expected to provide an improved description of the regions
of phase space sensitive to multiple soft-gluon emissions such as configurations in which the two photons
are close to being back to back in the plane transverse to the original collision.
Significant improvements in the estimation of the backgrounds in the selected sample have been achieved
so that the systematic uncertainties have been reduced by up to a factor of two compared to the previous
ATLAS measurement [4], despite an increase in the mean number of pp interactions per bunch crossing
(pileup) from 9.1 at
√
s = 7 TeV to 20.7 in the 2012 data sample at
√
s = 8 TeV.
In addition to the integrated cross section, differential distributions of several kinematic observables
are studied: mγγ, the absolute value of the cosine of the scattering angle with respect to the direction
of the proton beams1 expressed as a function of the difference in pseudorapidity between the photons(
| cos θ∗η | = tanh |∆ηγγ |2
)
, the opening angle between the photons in the azimuthal plane (∆φγγ), the di-
photon transverse momentum (pT,γγ), the transverse component of pT,γγ with respect to the thrust axis2
(aT) [19] and the φ∗η variable, defined as φ∗η = tan
(
pi−∆φγγ
2
)
sin θ∗η [20]. Angular variables are typically
measured with better resolution than the photon energy. Therefore, a particular reference frame that al-
lows | cos θ∗η | and φ∗η to be expressed in terms of angular variables only, denoted by the subscript η and
described in Ref. [20], is used in order to optimize the resolution.
The kinematic variables mγγ, ∆φγγ and pT,γγ were studied at
√
s = 7 TeV in the previous ATLAS public-
ations [3, 4]. The cosine of the scattering angle with respect to the direction of the proton beams has also
been studied, however, in the Collins–Soper frame [21]. This is the first time the variables aT and φ∗η are
measured for a final state other than pairs of charged leptons [22–24]. These variables are less sensitive to
1 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
center of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the
y-axis points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the
beam pipe. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in
units of ∆R =
√
(∆η)2 + (∆φ)2. The transverse energy is defined as ET = E/ cosh(η).
2 The thrust axis is defined as tˆ = (~pγT,1 − ~pγT,2)/|~pγT,1 − ~pγT,2|, where ~pγT,1 and ~pγT,2 denote, respectively, the transverse momenta of
the photons with the highest and second-highest transverse energies EγT = |~pγT|.
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the energy resolution of the individual photons and therefore are more precisely determined than pT,γγ [19,
20]. Hence, they are ideally suited to probe the region of low pT,γγ, in which QCD resummation effects are
most significant. Measurements of pT,γγ aT and φ∗η for diphoton production (which originates from both
the quark–antiquark and gluon–gluon initial states) are important benchmarks to test the description of
the low transverse-momentum region by pQCD and complementary to similar measurements performed
for H → γγ [25] (in which gluon–gluon initial states dominate) and Drell–Yan (DY) [22–24] events (in
which quark–antiquark initial states dominate). A good understanding of the low transverse-momentum
region in such processes constitutes an important prerequisite for pQCD resummation techniques aiming
to describe more complicated processes, e.g. those involving colored final states.
Detailed tests of the dynamics of diphoton production can be performed with the simultaneous study
of different differential distributions. Specific regions of the phase space are particularly sensitive to
soft gluon emissions, higher-order QCD corrections or non-perturbative effects. Variables such as mγγ
and |cos θ∗η| are also useful in searches for new resonances and measurements of their properties such
as their mass and spin. The measurements are compared to recent predictions, which include fixed-
order computations up to NNLO in pQCD and also computations combining next-to-leading-order (NLO)
matrix elements with a parton shower or with resummation of soft gluons at next-to-next-to-leading-
logarithm (NNLL) accuracy.
2 ATLAS detector
The ATLAS detector [26] is a multipurpose detector with a forward-backward symmetric cylindrical
geometry. The most relevant systems for the present measurement are the inner detector (ID), immersed
in a 2 T magnetic field produced by a thin superconducting solenoid, and the calorimeters. The ID
consists of fine-granularity pixel and microstrip detectors covering the pseudorapidity range |η| < 2.5,
complemented by a gas-filled straw-tube transition radiation tracker (TRT) that covers the region up
to |η| = 2.0 and provides electron identification capabilities. The electromagnetic (EM) calorimeter is
a lead/liquid-argon sampling calorimeter with accordion geometry. It is divided into a barrel section
covering |η| < 1.475 and two end-cap sections covering 1.375 < |η| < 3.2. For |η| < 2.5, it is divided into
three layers in depth, which are finely segmented in η and φ. A thin presampler layer, covering |η| < 1.8, is
used to correct for fluctuations in upstream energy losses. The hadronic calorimeter in the region |η| < 1.7
uses steel absorbers and scintillator tiles as the active medium, while copper absorbers with liquid argon
are used in the hadronic end-cap sections, which cover the region 1.5 < |η| < 3.2. A forward calorimeter
using copper or tungsten absorbers with liquid argon completes the calorimeter coverage up to |η| = 4.9.
Events are selected using a three-level trigger system. The first level, implemented in custom electronics,
reduces the event rate to at most 75 kHz using a subset of detector information [27]. Software algorithms
with access to the full detector information are then used in the high-level trigger to yield a recorded event
rate of about 400 Hz.
3 Data sample and event selection
The data used in this analysis were recorded using a diphoton trigger with ET thresholds of 35 GeV
and 25 GeV for the ET-ordered leading and subleading photon candidates, respectively. In the high-
level trigger, the shapes of the energy depositions in the EM calorimeter are required to match those
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expected for electromagnetic showers initiated by photons. The signal efficiency of the trigger [28],
estimated using data events recorded with alternative trigger requirements, is (99.4 ± 0.2)% for events
fulfilling the final event selection. Only events acquired in stable beam conditions and passing detector
and data-quality requirements are considered. Furthermore, in order to reduce non-collision backgrounds,
events are required to have a reconstructed primary vertex with at least three associated tracks with a
transverse momentum above 400 MeV and consistent with the average beam spot position. The effect of
this requirement on the signal efficiency is negligible. The integrated luminosity of the collected sample
is 20.2 ± 0.4 fb−1 [29].
Photon and electron candidates are reconstructed from clusters of energy deposited in the EM calori-
meter, and tracks and conversion vertices reconstructed in the ID [30]. About 20% (50%) of the photon
candidates in the barrel (end-cap) are associated with tracks or conversion vertices and are referred to as
converted photons in the following. Photons reconstructed within |η| < 2.37 are retained. Those near
the region between the barrel and end-caps (1.37 < |η| < 1.56) or regions of the calorimeter affected by
readout or high-voltage failures are excluded from the analysis.
A dedicated energy calibration [31] of the clusters using a multivariate regression algorithm developed
and optimized on simulated events is used to determine corrections that account for the energy deposited
in front of the calorimeter and outside the cluster, as well as for the variation of the energy response
as a function of the impact point on the calorimeter. The intercalibration of the layer energies in the
EM calorimeter is evaluated with a sample of Z-boson decays to electrons (Z → ee) and muons, while
the overall energy scale in data and the difference in the effective constant term of the energy resolution
between data and simulated events are estimated primarily with a Z → ee sample. Once those corrections
are applied, the two photons reconstructed with the highest transverse energies EγT,1 and E
γ
T,2 in each
event are retained. Events with EγT,1 and E
γ
T,2 greater than 40 GeV and 30 GeV, respectively, and angular
separation between the photons ∆Rγγ > 0.4 are selected.
The vertex from which the photon pair originates is selected from the reconstructed collision vertices
using a neural-network algorithm [7, 32]. An estimate of the z-position of the vertex is provided by the
longitudinal and transverse segmentation of the electromagnetic calorimeter, tracks from photon con-
versions with hits in the silicon detectors, and a constraint from the beam-spot position. The algorithm
combines this estimate, including its uncertainty, with additional information from the tracks associated
with each reconstructed primary vertex. The efficiency for selecting a reconstructed primary vertex within
0.3 mm of the true primary vertex from which the photon pair originates is about 83% in simulated events.
The trajectory of each photon is then measured by connecting the impact point in the calorimeter with the
position of the selected diphoton vertex.
The dominant background consists of events where one or more hadronic jets contain pi0 or η mesons
that carry most of the jet energy and decay to a nearly collinear photon pair. The signal yield extraction,
explained in Section 5, is based on variables that describe the shape of the electromagnetic showers in
the calorimeter (shower shapes) [30] and the isolation of the photon candidates from additional activity
in the detector. An initial loose selection is derived using only the energy deposited in the hadronic
calorimeter and the lateral shower shape in the second layer of the electromagnetic calorimeter, which
contains most of the energy. The final tight selection applies stringent criteria to these variables and
additional requirements on the shower shape in the finely segmented first calorimeter layer. The latter
criteria ensure the compatibility of the measured shower profile with that originating from a single photon
impacting the calorimeter and are different for converted and unconverted photons. The efficiency of this
selection, called identification efficiency in the following, is typically 83–95% (87–99%) for unconverted
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(converted) photons satisfying 30 < EγT < 100 GeV and isolation criteria similar to the ones defined
below.
Additional rejection against jets is obtained by requiring the photon candidates to be isolated using both
calorimeter and tracking detector information. The calorimeter isolation variable EisoT is defined as the
sum of the ET of positive-energy topological clusters [33] reconstructed in a cone of size ∆R = 0.4
around the photon candidate, excluding the energy deposited in an extended fixed-size cluster centered
on the photon cluster. The energy sum is corrected for the portion of the photon’s energy deposited outside
the extended cluster and contributions from the underlying event and pileup. The latter two corrections
are computed simultaneously on an event-by-event basis using an algorithm described in Refs. [34, 35].
The track isolation variable pisoT is defined as the scalar sum of the transverse momenta of tracks with
pT > 1 GeV within a cone of size ∆R = 0.2 around the photon candidate. Tracks associated with a
photon conversion and those not originating from the diphoton production vertex are excluded from the
sum. Photon candidates are required to have EisoT (p
iso
T ) smaller than 6 GeV (2.6 GeV). The isolation
criteria were re-optimized for the pileup and center-of-mass energy increase in 2012 data. The combined
per-event efficiency of the isolation criteria is about 90% in simulated diphoton events.
A total of 312 754 events pass the signal selection described above, referred to as inclusive signal region
in the following. The largest diphoton invariant mass observed is about 1.7 TeV.
4 Monte Carlo simulation
Monte Carlo (MC) simulations are used to investigate signal and background properties. Signal and
γ + jet background events are generated with both Sherpa 1.4.0 [36] and Pythia 8.165 [37]. Drell–Yan
Z/γ∗ → ee events generated using Powheg-box [38–40] combined with Pythia 8.165 are used to study
the background arising from electrons reconstructed as photons.
The Sherpa event generator uses the NLO CT10 [41] parton distribution functions (PDFs) and matrix ele-
ments calculated with up to two final-state partons at LO in pQCD. The matrix elements are merged with
the Sherpa parton-shower algorithm [42] following the ME+PS@LO prescription [43]. The combination
of tree-level matrix elements with additional partons and the Sherpa parton-shower effectively allows a
simulation of all photon emissions [44]. A modeling of the hadronization and underlying event is also
included such that a realistic simulation of the entire final state is obtained. In order to avoid collinear
divergences in the generation of the 2→ 3 and 2→ 4 processes, a minimum angular separation between
photons and additional partons of ∆R > 0.3 is set at the generator level.
The Pythia signal sample takes into account the qq¯→ γγ and gg→ γγ matrix elements at LO, while the
γ + jet sample is produced from qg → qγ, q¯g → q¯γ and qq¯ → gγ at LO. Photons originating from the
hadronization of colored partons are taken into account by considering LO γ+jet and dijet diagrams with
initial- and final-state radiation. All matrix elements are interfaced to the LO CTEQ6L1 [45] PDFs. The
Pythia event generator includes a parton-shower algorithm and a model for the hadronization process and
the underlying event.
The Powheg-box DY sample uses matrix elements at NLO in pQCD and the CT10 PDFs with Pythia
8.165 to model parton showering, hadronization and the underlying event. The final-state photon radiation
is simulated using Photos [46].
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The Pythia event-generator parameters are set according to the ATLAS AU2 tune [47], while the Sherpa
parameters are the default parameters recommended by Sherpa authors. The generated events are passed
through a full detector simulation [48] based on Geant4 [49]. Pileup from additional pp collisions in
the same and neighboring bunch crossings is simulated by overlaying each MC event with a variable
number of simulated inelastic pp collisions generated using Pythia 8.165. The MC events are weighted
to reproduce the observed distribution of the average number of interactions per bunch crossing and the
size of the luminous region along the beam axis.
Photon and electron energies in the simulation are smeared by an additional effective constant term in
order to match the width of the Z-boson resonance to that observed in data [31]. The probability for a
genuine electron to be wrongly reconstructed as a photon (electron-to-photon fake rate) in the DY sample
is corrected to account for extra inefficiencies in a few modules of the inner detector as observed in
Z → ee events in data. The photon shower shapes and the calorimeter isolation variables in the MC
simulation are corrected for the small observed differences in their average values between data and
simulation in photon-enriched control samples and Z → ee decays. Residual differences between data
and MC efficiencies of the identification and calorimeter isolation criteria are typically less than 2% each
per photon and are corrected for by using factors [30] that deviate from one at most by 6% per event, in
rare cases. The track isolation efficiency is calculated from the ratio of the diphoton yields obtained with
and without the application of the track isolation criterion, using the same methods used in the signal
extraction, described below. The mean of the results obtained with the different methods in each bin is
used and is about 94%. The effective efficiency corrections for simulated diphoton events are typically
2% per event.
5 Signal yield extraction
Two data-driven methods, similar to the ones described in Refs. [3, 4], are employed in the signal yield
extraction and give consistent results: a two-dimensional template fit method and a matrix method. Both
methods determine the sample composition by relying on the identification and isolation discriminants to
define jet-enriched data control regions with small contamination from photons. The methods are valid-
ated using pseudo-data generated with known signal and background composition by combining events
from MC simulation and the data control regions. A non-tight selection is constructed by inverting some
of the tight identification requirements computed using the energy deposits in cells of the finely segmen-
ted first calorimeter layer [50]. The isolation energy around the photon candidate, computed in a much
wider region, is to a large extent independent of these criteria. Data control regions where both photon
candidates satisfy the non-tight selection or either the subleading or the leading candidate satisfies the
non-tight selection while the other candidate satisfies the signal selection are used as background con-
trol samples to estimate the number of jet + jet (jj), γ + jet (γj) and jet + γ (jγ) events in the selected
signal sample,3 respectively. Another background component, typically one order of magnitude smal-
ler, arises from isolated electrons reconstructed as photon candidates. This component is dominated by
Z → ee decays and thus located in terms of invariant mass near the Z-boson mass (80 < mγγ < 100 GeV).
Data control regions where one of the candidates is reconstructed as an electron and the other one as a
photon are used to study this background. The contribution from other background sources is found to be
negligible.
3 In the γ + jet (jet + γ) component, the subleading (leading) candidate is assumed to be a jet misidentified as a photon. In the
jet + jet component, both candidates are assumed to be jets misidentified as photons.
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5.1 The two-dimensional template fit method
The template fit method consists of an extended maximum-likelihood fit to the two-dimensional distribu-
tion of the calorimeter isolation variables (EisoT,1, E
iso
T,2) of events passing the signal selection. The yields
associated with five components are extracted simultaneously: γγ, γj, jγ, jj and dielectrons (ee). The
dielectron yield is constrained to the value predicted by MC simulation within the uncertainties obtained
from the matrix method described in Section 5.2. The fit is performed in the inclusive signal region and
in each bin of the variables studied. Independent templates are used in each bin in order to account for
the dependence of the isolation distributions on the event kinematics, while in Ref. [4] this effect is con-
sidered as a systematic uncertainty. The extraction of the templates is described below. The variation in
the distributions for dielectron events in the different kinematic bins do not have a significant impact on
the extracted yields and therefore a single template, corresponding to the inclusive selection, is used.
The templates for diphoton events are obtained from the Sherpa diphoton sample, including the data-
driven corrections described in Section 4. The templates associated with the γj and jγ processes are
defined by a product of the one-dimensional distributions associated with the photon candidate in the
Sherpa diphoton sample and the jet candidate in the corresponding jet-enriched data control regions,
normalized such that the final templates correspond to probability density functions. The templates as-
sociated with jj events are taken from the control region where both candidates satisfy the non-tight
selection. Neglecting the correlations between the transverse isolation energies of the two candidates in
γγ and jj events would bias the extracted diphoton yields by a few percent, as indicated by tests with
pseudo-data. Therefore, full two-dimensional distributions are used to model those components while for
the other components the products of one-dimensional distributions associated with each of the candid-
ates are used. The contamination of events containing real photons, relevant for γj, jγ and jj, is subtracted
using the signal MC sample. The signal contamination is about 12%, 17% and 2% for γj, jγ and jj,
respectively. The templates are defined as either binned distributions or smooth distributions via kernel
density estimators [51], the latter being used if there are few events. The signal purity of events passing
the inclusive selection is about 75% and ranges typically from 60% to 98% across the bins of the various
observables. Figure 1 shows the distributions of EisoT for the two photon candidates in the inclusive signal
region, together with the projections of the five two-dimensional fit components after the maximization
of the likelihood.
Systematic uncertainties originating from the modeling of the calorimeter isolation variables of photons
and jets are considered. The extracted diphoton yield changes by ±2.2% when constructing the photon
templates using the diphoton events generated by Pythia instead of Sherpa, due to the impact on the
isolation distribution of the different treatment of additional partons and photon radiation, as described
in Section 4. Varying the data-driven corrections to the calorimeter isolation variables of photons within
their uncertainties results in ±1.9% variations in the signal yields. Changing the set of identification
requirements that are inverted to construct the non-tight definition impacts the jet templates due to possible
correlations between the identification and isolation criteria. The result is a +1.5−1.7% variation of the inclusive
diphoton yield. Uncertainties due to the photon identification criteria impact the estimated contamination
of photon events in the jet-enriched control regions. The corresponding uncertainty in the signal yield
is ±0.9%. The uncertainties in the estimated number of events containing electrons result in a −1.0%
change in the signal yield. Other sources of uncertainty, related to the modeling of the pileup and fit
method were estimated and found to have a small impact on the diphoton yield. The total uncertainty
in the inclusive signal yield, obtained by summing the contributions in quadrature, is +3.5−3.7%. Compared
to Ref. [4], the reduction of the uncertainty is achieved due to the higher signal purity provided by the
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Figure 1: Distributions of the calorimeter transverse isolation energy for the (a) leading and (b) subleading photon
candidates. Also shown are the projections of the signal and various background components used in the two-
dimensional template fit and the full model, corresponding to their sum, after fit. At the bottom of each plot, the
ratio of the data to the model after the fit is shown. A gray uncertainty band on the full model, including the
systematic uncertainties discussed in the text, is shown in each case whereas the uncertainty in data is statistical
only.
re-optimized isolation requirements and the restriction of the transverse energy of the photons, which is
ET > 40 GeV and 30 GeV compared to 25 GeV and 22 GeV previously. The fit method is also improved,
including the better modeling of the calorimeter isolation distributions due to the data-driven corrections,
the use of independent templates in each bin and the inclusion of the electron component.
The total systematic uncertainty in the differential measurements ranges typically from 3% to 10%. The
largest values are observed in regions where the contributions from radiative processes are expected to be
large (e.g. for large values of φ∗η or small values of ∆φγγ) and less well modeled by the MC simulation
and with lower signal purity such that the jet control-region definition has a more significant impact on
the results.
5.2 The matrix method
In the matrix method, the sample composition is determined by solving a linear system of equations
(NPP,NPF ,NFP,NFF)T = E ·
(
Nγγ,Nγj,Njγ,Njj
)T
that relates the populations associated with each process
and the numbers of events in which the candidates pass (P) or fail (F) the isolation requirements. The
matrix E contains the probabilities of each process to produce a certain final state and is constructed using
the efficiency of the isolation criteria for photons and jets. The efficiencies are extracted from collision
data over a wide isolation energy range, relying on the signal MC sample to estimate the contamination
of events containing real photons in the data control regions. The efficiencies are derived in bins of ET, |η|
and of the corresponding observable for differential measurements. In Ref. [3], only the variations with
ET and |η| are considered. The inclusive diphoton yield is obtained from the sum of the yields in each bin
of mγγ.
The electron contamination is determined from Z → ee decays in data using a method similar to the
one described in Ref. [3]. The electron-to-photon fake rate ( fe→γ) is estimated separately for the leading
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and subleading candidate from the ratios of events Nγe/Nee and Neγ/Nee around the Z-boson mass in the
invariant-mass range [80 GeV, 100 GeV], after subtracting the contribution from misidentified jets using
the invariant-mass sidebands. The fe→γ value is estimated to be about 4% in the calorimeter barrel and up
to about 10% in the calorimeter end-caps, in agreement with the Z → ee MC sample. The probability for
photons to be reconstructed as electrons, taken from MC simulation, is less than 1%. The γγ, γe, eγ and
ee yields in the selected signal sample are then obtained by solving a linear system of equations relating
the true and reconstructed event yields, similarly to the jet-background estimation. In the inclusive signal
region, the sum of the contributions of the eγ and γe background is estimated to be about 10% of the ee
background yield. It is included in the estimation of the total electron-background yield for the matrix
method and as a systematic uncertainty for the template fit, as described in Section 5.1.
The dominant source of systematic uncertainty affecting the signal yield estimated with the matrix method
arises from the definition of jet-enriched control regions (+3.3−2.6%), followed by the contamination of those
regions by true photon events (±2.4%), estimated by comparing the predictions from Sherpa and Pythia.
Both uncertainties are slightly larger than for the template fit method due to the use of additional control
regions with higher isolation energies in the determination of the isolation efficiencies. The uncertainties
in the signal yield arising from events containing electrons, mostly related to the jet background contam-
ination in the electron control samples, are ±0.6%. The total systematic uncertainty in the diphoton yield
is +4.2−3.7%.
5.3 Sample composition
The estimated sample composition of the events fulfilling the inclusive selection is shown in Table 1 with
associated uncertainties. The composition in the different bins for which the differential cross sections
are measured is shown in Figure 2. The signal purity increases relative to that of the inclusive selection
by 5–15% (in absolute) in regions dominated by candidates with higher transverse momenta and smaller
pseudorapidities, typically towards larger values of mγγ, pT,γγ and aT. The variations of the purity as a
function of | cos θ∗η |, φ∗η and ∆φγγ are usually within 5%. The template fit method and the matrix method
are based on the same isolation and identification criteria to disentangle signal and background and there-
fore cannot be combined easily. The main correlations arise from the use of the same signal selection
and overlapping background control regions, resulting in a total correlation of about 25% between the
signal yield estimates. Taking into account the correlated and uncorrelated uncertainties, the signal yields
returned by the two methods are found to be compatible within one standard deviation for the inclusive
selection. The magnitudes of the associated uncertainties are also comparable. The cross-section meas-
urements presented in the following section are derived using the two-dimensional template fit method.
6 Cross-section measurements
The integrated and differential cross sections as functions of the various observables are measured in a
fiducial region defined at particle level to closely follow the criteria used in the event selection. The
same requirements on the photon kinematics are applied, i.e. EγT,1 and E
γ
T,2 greater than 40 GeV and
30 GeV, respectively, |η| < 2.37 excluding 1.37 < |η| < 1.56, and angular separation ∆Rγγ > 0.4. The
photons must not come from hadron or τ decays. The transverse isolation energy of each photon at
particle level, Eiso,partT , is computed from the sum of the transverse momenta of all generated particles in
a cone of ∆R = 0.4 around the photon, with the exception of muons, neutrinos and particles from pileup
9
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Figure 2: Distributions of the reconstructed diphoton observables, together with the yields associated with the
various components estimated using the two-dimensional template fit method.
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Table 1: Estimated sample composition in the inclusive signal region using the two-dimensional template fit and
the matrix method. Both the statistical and total systematic uncertainties are listed.
Process
Event fraction [%]
Two-dimensional template fit Matrix method
γγ 75.3 ± 0.3 (stat) +2.6−2.8 (syst) 73.9 ± 0.3 (stat) +3.1−2.7 (syst)
γj 14.5 ± 0.2 (stat) +2.7−2.8 (syst) 14.4 ± 0.2 (stat) +2.0−2.4 (syst)
jγ 6.0 ± 0.2 (stat) +1.4−1.5 (syst) 5.8 ± 0.1 (stat) ± 0.6 (syst)
jj 1.6 ± 0.2 (stat) +0.9−0.4 (syst) 2.4 ± 0.1 (stat) +0.6−0.5 (syst)
ee 2.6 ± 0.2 (stat) +0.9−0.4 (syst) 3.5 ± 0.1 (stat) ± 0.4 (syst)
interactions. A correction for the underlying event is performed using the same techniques applied to the
reconstructed calorimeter isolation but based on the four-momenta of the generated particles. The effect
of the experimental isolation requirement used in the data is close to the particle-level requirement of
Eiso,partT < 11 GeV, included in the fiducial region definition.
The estimated numbers of diphoton events in each bin are corrected for detector resolution, reconstruction
and selection efficiencies using an iterative Bayesian unfolding method [52, 53]. Simulated diphoton
events from the Sherpa sample are used to construct a response matrix that accounts for inefficiencies and
bin-to-bin migration effects between the reconstructed and particle-level distributions. The bin purity,
defined from the MC signal samples as the fraction of reconstructed events generated in the same bin, is
found to be about 70% or higher in all bins. After five iterations the results are stable within 0.1%.
The contribution from the Higgs-boson production and subsequent decay into two photons to the meas-
ured cross sections is expected to be at the few-percent level around 120 < mγγ < 130 GeV and negligible
elsewhere. Although this process is neglected in the event generation, no correction is applied given its
small magnitude.
The cross section in each bin is computed from the corrected number of diphoton events in the bin
divided by the product of the integrated luminosity [29] and the trigger efficiency. Tabulated values of
all measured cross sections are available in the Durham HEP database [54]. The measured fiducial cross
section is:
σfid.tot = 16.8 ± 0.1 (stat) ± 0.7 (syst) ± 0.3 (lumi) pb = 16.8 ± 0.8 pb. (1)
The uncertainties represent the statistical (stat), the systematic (syst) and the luminosity (lumi) uncer-
tainties. The systematic component receives contributions from the uncertainties in the signal yield ex-
traction, signal selection efficiency, including the trigger efficiency (see Section 3), and the unfolding
of the detector resolution. The uncertainty in the photon identification efficiency ranges between 0.2%
and 2.0% per photon, depending on ET, η and on whether the photon is reconstructed as unconverted or
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converted [30]. The uncertainties are derived from studies with a pure sample of photons from Z → ``γ
decays (where ` is an electron or muon), Z → ee decays by extrapolating the properties of electron
showers to photon showers using MC events and isolated photon candidates from prompt γ + jet pro-
duction. The resulting uncertainty in the integrated diphoton cross section, including both the effects on
the signal yield extraction and signal selection efficiency, is 2.5%. The uncertainty in the modeling of
the calorimeter isolation variable is 2.0% and is estimated by varying the data-driven corrections to the
MC events within their uncertainties. The systematic uncertainty in the track isolation efficiency is taken
as the largest effect among the difference between the efficiencies estimated with the template fit method
and the matrix method, and the variation between the efficiencies predicted from simulated events with
Sherpa and Pythia. The impact on the integrated cross section is 1.5%. The uncertainty in the correc-
tions applied during the unfolding procedure is estimated by using diphoton events from Pythia instead
of Sherpa to construct the response matrices. The change in these corrections partly compensates for
the different signal yields extracted with the two event generators. The combined uncertainty due to the
choice of MC event generator is 1.1%.
The impact of each source of uncertainty is estimated by repeating the signal yield extraction and cross-
section measurement with the corresponding changes in the calorimeter isolation templates and unfolding
inputs. The total uncertainty is obtained by summing all contributions in quadrature. The main sources
of systematic uncertainty and their impact on the integrated cross section are listed in Table 2. The
uncertainties in the differential cross sections are of the same order. However, the measured cross sections
in regions where the contributions from radiative processes are expected to be large (e.g. for large values
of φ∗η or small values of ∆φγγ) are more affected by the choice of MC event generator and the uncertainty
in the track isolation efficiency. The variations associated with the former (latter) range between 1% and
10% (1% and 7%) across the various bins. Uncertainties in photon energy scale (0.2–0.6% per photon)
and resolution (∼10% per photon), estimated mostly from Z → ee decays [31], give small contributions
to the total uncertainty in the cross section, reaching as high as 4% at large values of mγγ, pT,γγ and aT,
where the precision in the cross section is limited by statistical uncertainties. Other sources of uncertainty
such as those related to the choice of primary vertex, the impact of the modeling of the material upstream
of the calorimeter on the photon reconstruction efficiency or the main detector alignment effects like a
dilation of the calorimeter barrel by a few per mille or displacements of the calorimeter end-caps by few
millimeters have a negligible impact on the measured cross sections.
Table 2: Main sources of systematic uncertainty and their impact on the integrated fiducial cross section (σfid.tot ).
Source of uncertainty Impact on σfid.tot [%]
Photon identification efficiency ±2.5
Modeling of calorimeter isolation ±2.0
Luminosity ±1.9
Control-region definition +1.5−1.7
Track isolation efficiency ±1.5
Choice of MC event generator ±1.1
Other sources combined +0.8−1.3
Total +4.5−4.7
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7 Comparison with theoretical predictions
The measured integrated fiducial and differential cross sections are compared to fixed-order predictions at
NLO and NNLO accuracies in pQCD. They are also compared to computations combining NLO matrix
elements and resummation of initial-state gluon radiation to NNLL or matched to a parton shower.
A fixed-order NLO calculation is implemented in Diphox [11], including direct and fragmentation con-
tributions as well as the first order of the gg → γγ component via a quark loop. The Resbos NLO event
generator [15–17] adopts a simplified approach to treat the fragmentation contributions based on a com-
bination of a sharp cutoff on the transverse isolation energy of the final-state quark or gluon and a smooth
cone isolation [55], while the first corrections to the gg-initiated process and resummation of initial-state
gluon radiation to NNLL accuracy are included. The 2γNNLO [12] program includes the direct part of
diphoton production at parton level with NNLO pQCD accuracy but no contributions from fragmenta-
tion photons. For the Diphox and Resbos predictions, the transverse energy of partons within a cone of
∆R = 0.4 around the photons is required to be below 11 GeV. A smooth isolation criterion [55], described
in Refs. [56, 57], is adopted to obtain infrared-safe predictions for 2γNNLO using a maximum transverse
isolation energy of 11 GeV and a cone of ∆R = 0.4.
The CT10 [41] PDF sets at the corresponding order in perturbation theory (NNLO or NLO) are used in
all the predictions above. The associated uncertainties are at the level of 2%. They are obtained by re-
weighting the samples to the various eigenvectors of the CT10 set and scaling the resulting uncertainty to
68% confidence level. Non-perturbative effects are evaluated by comparing Sherpa signal samples with
or without hadronization and the underlying event, and applied as corrections to the calculations. The
impact on the differential cross sections is typically below 5%, reaching as high as 10% in some regions.
The full size of the effect is added as a systematic uncertainty. The dominant uncertainties arise from the
choices of renormalization and factorization scales, set by default to mγγ. They are estimated simultan-
eously by varying the nominal values by a factor of two up and down and taking the largest differences
with respect to the nominal predictions in each direction as uncertainties. The Diphox computation also
requires the definition of a fragmentation scale, which is varied together with the factorization scale for
the uncertainty estimation. The total uncertainties are +15−10% and
+9
−6% in the inclusive case and within±30% and ±20% in almost all bins for Diphox and 2γNNLO, respectively. Only the central values of the
predictions were provided by the authors of Resbos.
A recent implementation of Sherpa, version 2.2.1 [44], consistently combines parton-level calculations of
varying jet multiplicity up to NLO4 [58, 59] with parton showering [42] while avoiding double-counting
effects [60]. The NNPDF3.0 NNLO PDFs [61] are used in conjunction with the corresponding Sherpa
default tuning. Dynamic factorization and renormalization scales are adopted [44]. The associated uncer-
tainties are estimated by varying each by a factor of two up and down and retaining the largest variations.
They range from 10% to 40% across the various regions, with typical values around 20%. The relative
uncertainty in the integrated cross section is +19−13%.
Figure 3 shows the comparison of the integrated fiducial cross-section measurement with the calculations
described above. The NLO prediction from Diphox is 36% lower than the measured value, which corres-
ponds to more than two standard deviations of both the experimental and theoretical uncertainties. The
cross sections calculated with Resbos and 2γNNLO underestimate the experimental result by 28% and
16%, respectively. The prediction from Sherpa 2.2.1 is in agreement with the data.
4 The γγ and γγ + 1 parton processes are generated at NLO accuracy, while the γγ + 2 partons and γγ + 3 partons processes
are generated at LO. Charm and bottom quarks are included in these matrix elements in the massless approximation.
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The differential cross-section measurements are compared to the predictions in Figures 4 and 5. Again,
the predictions from Sherpa 2.2.1 are in agreement with the data for the differential distributions. The
cross sections at large values of | cos θ∗η | and values of mγγ between 100 GeV and 500 GeV are slightly un-
derestimated, although compatible within errors. The inclusion of soft-gluon resummation (Resbos) or a
parton shower (Sherpa 2.2.1) provides a correct description of regions of the phase space that are sensitive
to infrared emissions, i.e. at low values of pT,γγ, aT and φ∗η or ∆φγγ ∼ pi. Fixed-order calculations, instead,
are not expected to give reliable predictions in these regions. Negative cross-section values are obtained
with Diphox and 2γNNLO in some cases. The turn-on behavior observed in mγγ and located at about the
sum of the minimum ET required for each photon is fairly well reproduced by all the predictions. The
‘shoulders’ observed in pT,γγ and aT, induced by the requirements on the photon kinematics combined
with radiative effects [62], are also well reproduced. In other regions of the phase space, disagreements of
up to a factor of two between the parton-level computations at NLO and the measurements are observed.
The inclusion of NNLO corrections is not sufficient to reproduce the measurements.
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Figure 4: Differential cross sections as functions of the various observables compared to the predictions from Diphox
and Resbos. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and bands around
the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as described in
the text. Only the central values are shown for Resbos. Negative cross-section values are obtained with Diphox in
the first (last) bin of aT and φ∗η (∆φγγ) and therefore are not shown (see text).
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Figure 5: Differential cross sections as functions of the various observables compared to the predictions from
Sherpa 2.2.1 and 2γNNLO. At the bottom of each plot, the ratio of the prediction to the data is shown. The bars and
bands around the data and theoretical predictions represent the statistical and systematic uncertainties, estimated as
described in the text. Negative cross-section values are obtained with 2γNNLO when varying the renormalisation
scale in the first two bins of φ∗η and therefore are not shown (see text).
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8 Conclusion
Measurements of the production cross section of two isolated photons in proton–proton collisions at a
center-of-mass energy of
√
s = 8 TeV have been presented. The results use a data set of an integrated
luminosity of 20.2 fb−1 recorded by the ATLAS detector at the LHC in 2012. Events are considered
in which the two photons with the highest transverse energies in the event are within the acceptance
of the calorimeter (|ηγ| < 1.37 or 1.56 < |ηγ| < 2.37), have transverse energies greater than 40 GeV
and 30 GeV, respectively, and an angular separation of ∆Rγγ > 0.4. The measurements are unfolded to
particle level imposing a maximum transverse isolation energy of 11 GeV within a cone of ∆R = 0.4 for
both photons.
The measured integrated cross section within the fiducial volume is 16.8 ± 0.8 pb. The uncertainties are
dominated by systematic effects that have been reduced compared to the previous ATLAS measurement
at
√
s = 7 TeV due to an improved method to estimate the background and improved corrections to the
modeling of the calorimeter isolation variable in simulated samples. Predicted cross sections from fixed-
order QCD calculations implemented in Diphox and Resbos at next-to-leading order, and in 2γNNLO at
next-to-next-to-leading order, are about 36%, 28% and 16% lower than the data, respectively. The relative
errors associated to the predictions from Diphox (2γNNLO) are 10–15% (5–10%).
Differential cross sections are measured as functions of six observables – the diphoton invariant mass, the
absolute value of the cosine of the scattering angle with respect to the direction of the proton beams, the
opening angle between the photons in the azimuthal plane, the diphoton transverse momentum and two
related variables (aT and φ∗η) – with uncertainties typically below 5% per bin, reaching as high as 25%
in a few bins with low numbers of data events. The effects of infrared emissions, probed precisely by
measuring the cross section as functions of aT and φ∗η, are well reproduced by the inclusion of soft-gluon
resummation at the next-to-next-to-leading-logarithm accuracy. However, in most parts of the phase
space, the predictions above are unable to reproduce the data. The discrepancies can reach a factor of two
in many regions, beyond the theoretical uncertainties, which are typically below 20%.
The predictions of a parton-level calculation of varying jet multiplicity up to NLO matched to a parton-
shower algorithm in Sherpa 2.2.1 provide an improved description of the data compared to all the other
computations considered in this paper and are in good agreement with the measurements, for both the
integrated and differential cross sections.
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